. The tagged molecules used were all funcCondensin and cohesin are two protein complexes tional, as they were able to replace the wild-type genes that act as the central mediators of chromosome con-(data not shown). The cell extract containing Cut3-Cut14 densation and sister chromatid cohesion, respec-HAH6 was loaded onto a Ni-affinity chromatography tively. The basic underlying mechanism of action of column and eluted by imidazole, followed by size fracthese complexes remained enigmatic. Direct visualtionation. Purity of the isolated Cut3 and Cut14 complex ization of condensin and cohesin was expected to prowas high, judging from staining patterns by Coomassie vide hints to their mechanisms. They are composed brilliant blue (CBB, Figure 1A ). The ATPase domain is of heterodimers of distinct structural maintenance of fully retained in a partially cleaved Cut3 [8].
(E) A hypothetical heterodimer structure. In the long-tail structure, coiled-coil regions (yellow) were folded back at the hinge (red), and four globular domains (blue) are assembled. In short-tail structure, hinge is also assembled with globular domains. during the preparation, the cohesin holocomplex [13] simultaneously overexpressed with the four other subunits, Cut3, Cut14, Cnd1, and Cnd3, in S. pombe cells has not been observed.
by the inducible promoter nmt1. The isolated condensin subunits were coeluted in gel filtration. SDS-PAGE analExpression, Purification, and Observation of ysis and immunoblotting revealed five subunits with the Condensin Trimer and Pentamer Complex expected MWs (Figure 2A ). Cut14 and Cnd1 migrate To purify the trimeric non-SMC complex of condensin, together as a single thick band when it is stained by if it is formed, we constructed a S. pombe strain which CBB. Thus, the purified heteropentamer complex contains overproduced simultaneously three subunits: Cnd1, almost equal ratios of the five subunits. The fraction with Cnd2, and Cnd3. The amino terminus of the Cnd2 was the highest purity (fraction 22) was used for AFM. tagged with 6H, and the tagged protein was shown to
The condensin complex showed basically two types be functional (data not shown). The Ni column followed of images, as shown in Figure 2B . The common type by Superose gel filtration allowed us to isolate the trihad a large head with a 45 nm or a 25 nm tail giving a meric complex. AFM showed that the trimeric complex "tadpole" like appearance ( Figures 2C and 2D ). The head formed spherical particles (see Supplementary Mate-(the average diameter, 36 Ϯ 0.6 nm) is significantly larger rial). Statistical analysis of the diameters produced two than that of SMC heterodimer and has almost an identipeaks in a histogram. A similar calculation suggests that cal size to that of the non-SMC trimer, indicating that the diameter of the 36 nm particle corresponds to a the non-SMC trimer binds to the head of SMC heteromolecular mass of 350 kDa, which fits to the trimer. The dimer to form a heteropentamer. A "paired" structure 31 nm particle might have lost Cnd2. Three non-SMC with two heads and two tails was also found infrequently subunits can polymerize into a trimer without the SMC (less than 1%; examples shown in Figure 2B , bottom heterodimer. row). A model for these images is depicted in Figure  The heteropentamer was also purified using the 2E. The non-SMC trimer associates with the head or a coiled-coil region near the head [18]. Similar to the SMC tagged Cnd2 for affinity purification. Cnd2-HAH6 was 
heterodimer, the tip of the 45 nm tail associates with
The gel-shift assay was done for the purified condensin SMC heterodimer as well as the heteropentamer the head to form a short tail particle.
( Figure 3C ). The Figure 3A) . Such an aggregate formation among heteroband. These results are consistent with the AFM observation that large protein aggregates were seen in a subdimers was not seen in the absence of DNA, indicating that the assembly appears to be DNA dependent. Similar population of 3.3 kb long double-strand DNA molecules ( Figure 3B ). In sharp contrast, the heteropentamer comprotein aggregates were made with noncentromeric DNA so that the sequence specificity is not high (data not plex produced no band close to the well but faint intermediate bands (filled arrows), suggesting that DNA is shown). Importantly, the path of DNA free from protein association was much shorter than 1 m (346 Ϯ 15 nm), bound to one or two complexes in a distributive fashion. AFM observation shows that the heteropentamer indicating that DNA within the aggregate was folded ( Figure 3B ). Taken together, the mode of association complex was dispersed in association with DNA ( Figure  4A ). Protein aggregates were not seen, and the individbetween heterodimers and DNA and between heterodimers seemed to be cooperative or the all-or-none ual tadpole-like particles bound to DNA could be observed. This is consistent with the gel-shift assay of the type. Many DNA molecules were either free from protein or bound into a large assembly. This might be due to heteropentamer ( Figure 3C ). The tip of the tail seemed to be bound to DNA, indicating that the hinge and/or enhanced protein-protein interaction between heterodimers upon interaction with DNA [6, 19] . Alternatively, nearby coiled-coil region are the sites for scattered association of the heteropentamer with DNA. We prea conformational change of DNA, which facilitated association of heterodimers, might take place.
sumed that non-SMC trimers played a negative regula-tory role for the SMC heterodimer to form a large assembly on DNA.
ATPase Activity of Condensin Complex
We then measured the ATPase activity of the heteropentamer complex purified by a Ni column followed by gel filtration, in the absence (hatched columns, Figure 4B 
Experimental Procedures

Plasmid Constructions
Gel Retardation Assay Two complementary oligonucleotides (5Ј-32P-CCCTATAACCCCT Simultaneous overproduction and purification of SMC subunits of condensin were performed as described previously [8] . The non-GCATTGAATTCCAGTCTGATAA-3Ј and 5Ј-TTATCAGACTGGAATT CAATGCAGGGGTTATAGGG-3Ј) were annealed in 10 mM Tris at pH SMC genes cnd1 ϩ , cnd2 ϩ , and cnd3 ϩ were fused to the nmt1 promoter and tandemly inserted into pUC119 with the ura4 ϩ marker 7.5 containing 50 mM NaCl, 10 mM MgCl 2 , and 1 mM dithiothreitol (DTT), and purified by polyacrylamide gel electrophoresis. The endand the ars1. The cnd2 ϩ gene was N-terminally tagged with sixhistidine sequence for affinity purification (plasmid pET129). For labeled double-stranded DNA was incubated with condensin protein complex purified by gel filtration in total 20 l of the binding buffer the production of heteropentamer complex in yeast, the cut3 ϩ and cut14 ϩ genes, each of which is fused to the nmt1 promoter, were (20 mM Tris at pH 7.5, 50 mM NaCl, 2 mM MgCl 2 , 10% glycerol, 1 mM DTT, 0.1 mg/ml BSA) at the room temperature for 1 hr. The tandemly inserted into the pUC119 vector with the LEU2 marker gene and the ars1 sequence (plasmid pET115). The non-SMC genes sample was run in 8% nondenaturing polyacrylamide gel, followed by autoradiography. cnd1 ϩ , cnd2 ϩ , and cnd3 ϩ were also fused to the nmt1 promoter
